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3Major construction and initial-phase operation of a second-generation gravitational-wave detector
KAGRA has been completed. The entire 3-km detector is installed underground in a mine in order
to be isolated from background seismic vibrations on the surface. This allows us to achieve a good
sensitivity at low frequencies and high stability of the detector. Bare-bones equipment for the
interferometer operation has been installed and the first test run was accomplished in March and
April of 2016 with a rather simple configuration. The initial configuration of KAGRA is named
iKAGRA. In this paper, we summarize the construction of KAGRA, including the study of the
advantages and challenges of building an underground detector and the operation of the iKAGRA
interferometer together with the geophysics interferometer that has been constructed in the same
tunnel.
I. INTRODUCTION
Gravitational waves are ripples of spacetime radiated
from dynamic motions of massive and compact objects,
such as black holes and neutron stars, or from space-
time fluctuations in the early universe. As gravitational
waves pass though matter almost unobstructed, their
observation can tell us many details of the nature of
their sources that cannot be obtained by electromag-
netic waves or other cosmic radiation. The existence
of gravitational waves was theoretically predicted by Al-
bert Einstein in 1916. They were not directly detected
for about 100 years until the first discovery by Advanced
LIGO, the gravitational wave observatory in the US, in
2015 [1]. Recently, a European gravitational wave an-
tenna (Advanced Virgo [2]) has begun observing and in
the next few years, a Japanese gravitational wave an-
tenna KAGRA [3, 4] will be in operation. The new era
of gravitational wave astronomy will begin with network
observations by these antennas; we can expect new as-
tronomical knowledge with an increasing number of de-
tected events, better parameter estimation accuracy for
the sources (sky localization, mass, spin, distance, and
orbital parameters), and detection of gravitational waves
from completely new types of sources. These antennas
(Advanced LIGO, Advanced Virgo, and KAGRA) are
called “second-generation” detectors, having been up-
graded from or constructed after the “first-generation”
gravitational wave detectors [5–8].
While scientists are making intense efforts towards the
development of second-generation detectors, design stud-
ies for future antennas with better sensitivities, called
third-generation gravitational wave detectors, have be-
gun. One proposal is the European antenna called the
Einstein Telescope (ET) [9]. Another proposal in the
US for a third-generation antenna is called Cosmic Ex-
plorer (CE) [10]. Though both are designed based on
a Michelson-type laser interferometer like the second-
generation detectors, there are some differences in the
design concepts. ET will be a triangular array of three
interferometers with a 10-km baseline length, and the
entire system will be underground. CE will be a conven-
∗ yousuke itoh@resceu.s.u-tokyo.ac.jp
† sato.shuichi@hosei.ac.jp
‡ somiya@phys.titech.ac.jp
tional L-shape interferometer, built either on the Earth’s
surface or underground, with a baseline 10 times longer
than the second-generation detectors. One of the largest
differences in these design concepts is the site selection:
underground or surface. An underground site is advan-
tageous for gravitational wave detectors; seismic motions
are smaller than a surface site by a few orders of mag-
nitude in typical cases. This fact is critical for the sen-
sitivity to low-frequency gravitational wave sources, and
long-term stable operation of a sensitive interferometer.
On the other hand, an underground site is disadvanta-
geous from the point of view of construction cost, requir-
ing excavation of long tunnels and caverns for an interfer-
ometer and the vacuum system to house it. In addition,
operating a large-scale interferometer at an underground
site creates new challenges from several practical points
of view.
KAGRA [11], one of the second-generation detectors,
is the world’s first large-scale gravitational wave antenna
constructed underground. It is located in the Kamioka
underground site at Gifu Prefecture in Japan. At this
site, two prototype detectors, LISM (a 20-m scale inter-
ferometer, started in 1999 [12]) and CLIO (a 100-m scale
interferometer, started in 2002 [13][14]), were constructed
and operated to show the advantages of an underground
site. With these achievements and experiences, KAGRA
was funded in 2010 and the excavation of the tunnel was
started in May 2012. In October 2015, most of the in-
stallation activities for the initial KAGRA interferometer
had been completed, and after commissioning work, the
interferometer was operated for the first time in March
2016. Though the interferometer configuration at that
time was simplified from the final KAGRA design, KA-
GRA was operated for the first time as a full 3-km-scale
interferometer connected to the data acquisition, trans-
fer, and storage system. With that configuration, we
carried out a three-week test run to check the overall
performance as an interferometric gravitational wave an-
tenna system.
In this paper, we describe the construction and the
initial-phase operation of the world’s first kilometer-scale
underground gravitational-wave detector, and discuss the
advantages and the challenges of going underground. In
Sec. II, we briefly explain the history of our site search
and review the construction process. In Sec. III and
Sec. IV, we list advantages and challenges of building
a gravitational-wave detector under the ground, which
4FIG. 1. A map of the Kamioka mine. The blue thick lines
are baselines of the KAGRA interferometer. The red points
are the measurement points of the seismic motion. (See
Sec. III.1.)
will serve as a useful reference in the planning of next-
generation gravitational-wave detectors. In Sec. V, we
show the results from operation of our two underground
detectors, iKAGRA itself and a geophysics interferome-
ter built next to it in the same tunnel. In Sec. VI, we
summarize the work.
II. CONSTRUCTION OF KAGRA
The site search for KAGRA was performed in the late
90’s. We consulted a company (Sumitomo Corporation,
Japan) to compare the geological and environmental con-
ditions of several candidates in Japan. One of the can-
didates was Mt. Tsukuba in Ibaraki Prefecture, but the
cost estimate was twice as high as the Kamioka mine.
Another candidate was the Kamaishi mine in Iwate Pre-
fecture, but there was a railroad tunnel near the site.
The bedrock in Kamioka, Hida gneiss, was no doubt one
of the best, the estimated cost was comparatively low,
and we had already started an optical experiment near
the famous Super-Kamiokande that showed very low in-
fluence from seismic motion. It was a natural choice to
build KAGRA in the Kamioka mine.
The excavation of the KAGRA tunnels started in 2012.
Figure 1 shows a map around the Kamioka mine. The
geographical coordinates of the beamsplitter are 36.41
degrees North and 137.31 degrees East. The Y-arm is in
the direction 28.31 degrees west of north. Though the
central station and the end stations are rather close to
the foot of the 1300-m high mountain, they are still at
least 200m below the ground surface. The X and Y arms
are 3-km long. Access tunnels lead to the central station
and to the Y-arm end station. See Reference [15] for
more details about the tunnel excavation of the KAGRA
site.
FIG. 2. Some photos in the KAGRA facility. Top Left: instal-
lation of cryostat underneath the vertical borehole for the 2-
story suspension tower. Top Right: installation of the granite
stone for the geophysics interferometer. Bottom: panorama
of the KAGRA tunnels from the central station right after
paving the floor.
A Japanese construction company, Kajima Corpora-
tion, completed the two 3-km tunnels and the central/end
stations within two years (May 2012 - May 2014), mak-
ing it the fastest-ever excavation work. Installation of
the facilities proceeded in parallel with the construction
work to meet timelines. This included electricity, air
conditioning, water supply, anti-dust wall painting, floor
treatment, crane setup, anchors, spiral steps, networks,
telecommunication, laser clean room, etc. See Fig. 2 for
some photos. Coping with leaking water in the mine took
time but the water issues were finally settled. Soon af-
ter the tunnel and facility neared completion in March
2014, installation of the vacuum system and interferome-
ter components (the vibration-isolation systems, the laser
source, the optics for the interferometer, the digital con-
trol system, and so on) were started.
The KAGRA project has been split into two phases.
In the first phase, called the initial-phase KAGRA, or
iKAGRA, the interferometer configuration is a simple
Michelson interferometer that consists of two end test
masses and a beamsplitter. In the second phase, the in-
terferometer configuration is a Michelson interferometer
with cryogenic Fabry-Perot optical resonators in the two
arms and also with power- and signal-recycling cavities.
The detector in this stage is called the baseline-design
KAGRA, or bKAGRA [4].
While the goal of bKAGRA is frequent observations of
gravitational waves from various sources, the main goal
of iKAGRA was to integrate basic subsystems and to
operate the detector. It is one of the most important
milestones in the KAGRA project to realize the world’s
first kilometer-scale underground gravitational-wave de-
tector.
5In addition to the 3-km interferometer for detecting
gravitational waves, we have also built a 1.5-km interfer-
ometer in one of the KAGRA tunnels. The purpose of
this interferometer is to measure Earth’s strain for seis-
mic and geodetic observations in geoscience and to feed
the information back to KAGRA to characterize the be-
havior of the detector and to correct arm length variation
for control and data analysis. It is planned to build an-
other 1.5 km interferometer in the other tunnel, this pair
of Michelson interferometers is called a geophysics inter-
ferometer (GIF). More details about GIF are shown in
Sec. V.2.
III. ADVANTAGES OF THE UNDERGROUND
DETECTOR
There are two main advantages to building a
gravitational-wave detector in an underground site. One
is its low seismic noise, which not only improves the sen-
sitivity in the observation band but also increases the
stability of the detector so that the requirements on the
control system are eased. The second advantage is its
low gravity gradient noise, which is one of the largest
obstacles to improving the low-frequency sensitivity of
next-generation detectors. In this section, we first dis-
cuss seismic noise and gravity gradient noise in the ob-
servation band. We then discuss seismic noise outside
the observation band, which includes a microseismic mo-
tion at around 0.2Hz (caused by ocean waves) and the
stability of the detector.
III.1. Low seismic noise
Prior to the excavation of the KAGRA tunnels, we in-
vestigated the seismic motion in the Kamioka mine to
make a final decision of the location of the interferome-
ter [20]. Araya et al. developed a low noise accelerome-
ter and measured the seismic motion nearly at the center
of the Kamioka mine [16]. The measurement revealed
that the seismic motion was two orders of magnitude
smaller than the typical seismic motion in a suburban
area. Specifically, the power spectrum density was about
10−9m/
√
Hz at 1Hz. The measurements were repeated
at the LISM site [17] and the CLIO site [18], both of
which were also near the center of the mine, and the re-
sults were similar.
The locations of the KAGRA test masses need to be
rather close to the foot of the mountain because the inter-
ferometer size is comparable to the mountain itself. We
performed a measurement to investigate the dependence
of the seismic motion as a function of the distance from
the mountain surface in May 2005 [19][20]. The seismic
motions at the various points marked red in Fig. 1 in-
cluding two mine entrances; Atotsu and Mozumi (south
side and northwest side of the mine, respectively) were
measured. The Mozumi tunnel runs straight from the
Mozumi entrance to the center of the mine. We mea-
sured the seismic motion in this tunnel to investigate the
position dependence of the seismic motion (50 m and
100 m from the entrance), and also measured the seismic
motion at the CLIO site as a reference.
The top panel of Fig. 3 shows a typical horizontal seis-
mic motion at each entrance of the mine. The vertical
seismic motion is similar to the horizontal. Below 1 Hz,
the seismic motion is comparable to that at the center
of the mine (CLIO). Above 10 Hz, however, the seismic
motion becomes comparable to that at Kashiwa, a subur-
ban area northeast of Tokyo. The bottom panel of Fig. 3
shows the horizontal seismic motion in the Mozumi tun-
nel. The seismic motion is sufficiently small, even when
the distance from the entrance is only 50 m. This means
that being far from an urban area does not help reducing
seismic noise in the observation band of the gravitational
wave detector, but being underground is essential for a
low seismic noise level. Taking into account a safety fac-
tor, we locate all the four KAGRA test masses at least
200m from the surface of the mountain.
III.2. Low gravity gradient noise
Seismic activities change the gravitational potential
around the test masses, which causes them to move. This
noise is called gravity gradient noise. The source of this
noise can be vibration of the ground surface, mainly due
to human activity, or motion of the ground as a bulk.
For a ground-based gravitational-wave detector, gravity
gradient noise from the ground surface tends to be larger.
Unlike the direct coupling of vibration, gravity gradient
noise cannot be attenuated directly using any shield or
attenuation systems. Gravity gradient noise can be a
limiting noise source of ground-based gravitational wave
detectors at the lower end of the observation band. In
order to reduce gravity gradient noise, it is effective to go
underground since the gravity gradient noise caused by
fluctuations of the ground surface is reduced [22]. Fig-
ure 4 shows the calculated gravity gradient noise spec-
tra of the KAGRA detector. The calculation, provided
by J. Harms, is based on the seismic displacement of
the CLIO site, which is very similar to that at the KA-
GRA site below 20 Hz, as measured by a group from
NIKHEF [23]. The noise level is about 1 order of magni-
tude smaller than other sites such as LIGO and Virgo.
There exist other kinds of gravity gradient noise in
addition to that from the seismic motion. One is at-
mospheric gravity gradient noise [24]. This should be
decreased underground since the gravitational potential
perturbation from air fluctuations outside the building
will be small. Another is gravity gradient noise from
the water flow near the detector. This can be an issue
for KAGRA as the amount of underground water in the
Kamioka mine is enormous. The effect of gravity gradient
noise from the water flow is currently under investigation
(see App. 1 for more detail).
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FIG. 3. Top: Typical horizontal seismic motion measured
outside of Kamioka mine (Atotsu (red) and Mozumi (green)
entrances). Bottom: Typical horizontal seismic motion mea-
sured in the Mozumi tunnel (the distances from the entrance
are shown). The seismic motion at the CLIO site (the center
of the mine, black solid) and outside of the Mozumi entrance
office (black dashed) are also shown as references. It must be
noted that the spectrum density at the CLIO site is mainly
limited by sensor noise. In other words, the black solid lines
show upper limits of seismic noise.
III.3. Stability
While we mainly discussed seismic noise in the obser-
vation band of the detector in Sec. III.1, the low seismic
motion in Kamioka at lower frequencies also helps with
stable operation of the detector. One advantage will be
a high duty factor. Another advantage is that the loop
gains of the control circuits can be kept small. In this
section we discuss these two advantages and we also in-
troduce the stability of temperature, humidity, and air
pressure in the mine.
To accomplish multiple detections of gravitational
waves, the duty factor of KAGRA, namely the ratio of
the observation time to the entire time of the observation
 !
"# 
 !
"#!
 !
" $
 !
" %
 !
" &
 !
" '
(
)
*
+
,
-
.
,
/
,
.
-
0
1
2
3
4
5
6
7
 !
!
 !
 
 !
#
 !
8
 !
9
:3,;,<=>?-0567
@ABCDB-+,=+*4*/*4?
@<.E-F3G/*4?-F3GH*,=4
+<3IG>,-F3G/*4?-F3GH*,=4
GJKCL-F3G/*4?-F3GH*,=4
FIG. 4. Calculated gravity gradient noise in KAGRA, esti-
mated from seismic motion measured at the CLIO site. It
is smaller than that in Advanced LIGO [21] and it does not
limit the sensitivity of KAGRA in the observation band.
period, has to be sufficiently high. In KAGRA, we will
have a longer startup time than other detectors because
of the need to cool down and to heat up the cryogenic
test masses. On the other hand, we can expect less fre-
quent interruption of the operation since the detector is
isolated from background seismic vibrations, which are
responsible for most of the interruptions. The advantage
of being underground is significant above ∼ 1Hz, which
will certainly help the stable operation of the interferome-
ter. LISM, a 20-m prototype locked Fabry-Perot detector
in the same mine, demonstrated 270 hours of continuous
operation [12]. We can expect the same for KAGRA.
One of the largest technical noise sources in a
gravitational-wave detector is control loop noise from
auxiliary degrees of freedom (e.g. power- and signal-
recycling cavity lengths). The loop noise in the obser-
vation band mainly comes from sensing noise of the con-
troller that drives the recycling mirrors and beam split-
ter, and then couples to the gravitational-wave chan-
nel [25]. With the low seismic motion in the underground
site, the control gain for the auxiliary degrees of freedom
can be reduced. The control band of the auxiliary degrees
of freedom of KAGRA is required to be lower than 20–
50Hz in order to avoid loop noise at higher frequencies.
This could be challenging but is possible in KAGRA,
thanks to the low seismic motion at low frequencies in
the underground site.
It should be noted, however, that the microseismic
motion at around 0.2Hz is not low at the KAGRA site
since it is not far from the Sea of Japan (about 40 km to
Toyama Bay), but is still lower than that in LIGO [26].
Figure 5 shows the low-frequency seismic noise level in
the horizontal direction. (The noise level in the verti-
cal direction is almost identical.) The measurement was
done by Beker et al. (NIKHEF) in 2010 using a Tril-
lium 240 seismometer [23]. The same measurement was
performed by Sekiguchi (ICRR) in 2014 [27]. The blue
curve shows the median of the measured seismic noise
level. The red curve and green curve show the 90% and
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FIG. 5. Low-frequency seismic noise in the Kamioka mine in
the horizontal direction.
10% deciles.
CLIO performed a one-week observation run from Feb.
12–Feb. 18, 2007. Figure 6 shows the duty factor of CLIO
together with microseismic level and meteorological pa-
rameters (wind speed and air pressure outside the mine)
during that week. The microseismic level was obtained
from the maximum amplitude of horizontal ground veloc-
ity at the site within a 10-minute interval after a band-
pass filter (0.11 - 0.5 Hz) was applied and the interval
was shifted by 5 minutes. The meteorological parame-
ters were shifted and normalized by peak-to-peak am-
plitudes of the period. We can see a clear correlation
between the duty factor and the microseismic level while
not much between the duty factor and meteorological
parameters. This result implies that the underground
detector is well isolated from the weather on the surface
and affected mainly by ground motion originating from
microseisms. The detail of the observation is shown in
the CLIO elog [28].
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The low variation of the room temperature will also
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FIG. 7. Top: the variation of the temperature, humidity,
and air pressure in the KAGRA mine, measured in February
2016. Bottom: typical variation of the temperature in the
experimental room located on surface.
help to simplify the temperature control of the whole in-
struments. The top panel of Fig. 7 shows the variation of
the temperature, humidity, and air pressure at the cen-
tral area of KAGRA. The daily temperature variation
over one week is as low as 0.1 degrees Celsius, while in
the surface experimental room typical temperature vari-
ation (in the bottom panel) is ten times and needs to be
conditioned if instruments are maintained in the constant
temperature.
Small temperature variation will also help stable op-
eration. Figure 7 shows the temperature, humidity, and
air pressure at the central area of KAGRA over a 1 week
period. The daily temperature variation is as low as 0.1
degrees Celsius. The variation of the air pressure inside
the tunnel is at the same level as the outside of the tun-
nel.
IV. CHALLENGES TO BUILD THE
UNDERGROUND DETECTOR
Offsetting the advantages we can expect by going un-
derground, we have found various challenges in building
a detector in an underground facility. In this section, we
report those challenges, which we hope will be of benefit
to the next-generation gravitational-wave detectors.
8IV.1. GPS
KAGRA is operated using a digital real-time control
system with high-speed front-end computers (operating
at a sampling frequency of 64 kHz that is down-converted
to 16 kHz) and a reflective memory system that enables
fast data cloning between computers that are 3 km apart
in the tunnel. In order to operate the digital system,
it is important to synchronize the clocks in the comput-
ers. We use the Global Positioning System (GPS) for the
synchronization but since KAGRA is inside the mine, the
GPS signal does not reach the KAGRA site directly.
The GPS antenna is placed on the roof of the Hokubu-
kaikan building that is located next to the KAGRA of-
fice outside the mine. The GPS signal is transmitted to
a receiver in the Hokubu-kaikan building through an ap-
proximately 10-m electrical cable. The receiver is called
the timing master and has signal receiver, splitter and
transmitter functions with a delay compensation system
for consistent timing across multiple items of equipment.
Some of the split signals are used at the Hokubu-kaikan
building to synchronize servers or other timing clients.
One of the signals from the timing master is transmitted
into the KAGRA mine through an approximately 7-km
optical fiber cable. Inside the mine, another receiver,
called the timing fanout and located in the computer
room, receives the signal from the timing master. How-
ever, the distance of 7 km existing between the outside
and inside leads to a big time delay. The timing master
and fanout establish the connection by transmitting or
receiving sample signals during the first cycle of booting
to determine the delay between the master and fanout.
Compensation is applied between the master/fanout and
the attached timing receivers. Timing receivers are im-
plemented in the IO chassis of computers to synchronize
the timing of servers and the analog-to-digital/digital-
to-analog converters (ADC/DAC). The central area and
both end areas are connected by a timing network with
3 timing fanouts through 3 km optical fiber cables, each
with the same compensation for the delay. Therefore all
the equipment in the mine is synchronized to the GPS
antenna with negligible delay.
We extract 1PPS signals, 65536Hz signals and IRIG-
B signals from the GPS signal (PPS=Pulse-Per-Second,
IRIG=Inter-Range-Instrumentation-Group time code).
The 1PPS signals and 65536Hz signals are used to syn-
chronize all the ADCs and DACs. The ADCs and DACs
know the beginning of every 1 second interval accurately
but they do not know the absolute time. The IRIG-B
signal is used to synchronize all the front-end computers
to absolute time. Using both 1PPS and IRIG-B signals
tells the ADCs and DACs both the synchronization and
absolute time.
IV.2. Underground water
Water flow from the aquifer is an unavoidable issue in
such a vast underground environment. The total amount
of water flowing along the Y-arm of the KAGRA tunnel
exceeds 1,200 tons per hour in early springtime due to
melting of the heavy wintertime snow, while the amount
is as little as 200 tons per hour in summer and autumn.
It takes 2 to 7 days for rain water to start increasing
the amount of underground water in the tunnel. The
floor of the KAGRA tunnel is tilted by 1/300 in order
to drain the underground water without active pumping.
The highest point is the X-end station and the lowest
point is the Y-end station, so the water flows naturally
from the X-end to the central station and then from the
central station to the Y-end. There are two fault cross-
ings in the KAGRA tunnel. One is the Ikenoyama fault
crossing located in the Y-arm at around the 1800m point
from the central station and the other is the North-20th
fault crossing in the X-arm at around the 2500m point
from the central station. (See Fig. 8.) While the under-
ground water wells up throughout the tunnel, it wells up
the most from these fault crossings. In the Y-arm tun-
nel, we have a drainage pipe 40 cm in diameter under the
concrete floor, but this passive system alone cannot drain
away all the underground water, so we have constructed
a pair of additional pipes with drain pumps. The com-
pulsory drainage pipes run from the 1-km point and the
2-km point toward the end of the Y-arm tunnel. The
drain water is sent to a water reservoir located 200m be-
fore the Y-arm end station and then to another tunnel
(owned by a local company) running 11m underneath
the KAGRA tunnel. This compulsory drainage system
decreases the amount of water flow in the 40 cm drainage
pipe. In the X-arm tunnel, we have increased the diame-
ter of sections of the drainage pipe to 60 cm so that all the
underground water from the X-arm can be drained to the
central station. The drainage pipe bypasses the central
station and leads to the Atotsu exit of the mine. After
all the handlings, no flood will happen in the KAGRA
tunnel. Raindrops could be seen but will be handled one
by one.
IV.3. Gravel layers
The KAGRA tunnel was excavated by NATM (New
Austrian Tunneling Method), which involves blasting the
tunnel and cementing the surface wall. To make the
flat tunnel floor, a layer of concrete about 200mm thick
was cast above the gravel layer on the bedrock. Because
the gravel layer tends to be deformed by heavy load, a
concrete layer without gravel was placed directly on the
bedrock below the KAGRA vacuum chambers and in ad-
dition the chambers were anchored to the bedrock. Even
with such a structure, a long-term drift of the concrete
layer causes a tilt of the chambers. In the iKAGRA oper-
ation, the upper limit of the drift rate of the chambers is
9FIG. 8. KAGRA tunnel schematics. The Ikenoyama fault
crossing is in the Y-arm about 1800m away from the cen-
ter and the North-20th fault crossing is in the X-arm about
2500m away from the center (the red and blue arrows indicate
the directions of the tunnel excavation).
estimated to be < 4× 10−6rad/day from the arm length
data. This is manageable since we have an alignment con-
trol system of the mirrors which typically has a ∼mrad
range. It should be noted that the drift rate will decrease
in time especially if this drift is caused by the excavation
of the tunnel. GIF requires lower instrumental drift than
KAGRA because long-term strain changes including a
strain accumulation of a tectonic deformation need to be
measured precisely. For this reason, GIF chambers are
mounted on granite blocks that are directly attached to
the bedrock. Gravel was removed in part and the ex-
posed surfaces of the bedrock were smoothed to settle
the granite blocks; thicknesses of the granite blocks were
568–1100mm, depending on the depth of bedrock below
the floor.
IV.4. Cleanliness and high humidity
During the construction phase, the underground facil-
ity was pervaded with the exhaust gas from heavy ma-
chinery. The current cleanliness in the facility, however,
is kept at ISO Class 6 even outside a clean booth, thanks
to anti-dust paint on the wall. As for the clean booths,
KAGRA has defined two clean categories. One is an ISO
class 1 category and the other is an ISO class 4 category.
The former is applied only for the laser source area and
the four cryostats that house the sapphire test masses.
The latter is for the vacuum chambers that house sil-
ica mirrors and other optics. The system is designed to
replace all of the air inside the clean booths within 2 min-
utes. KOACH filters manufactured by KOKEN Ltd. in
Japan achieve the ISO Class 1. The KOACH filters use
two kinds of filters sequentially. One, a normal HEPA
filter, is a pre-filter and the other is an innovative Ferina
filter that has smaller gaps made by entwining thinner
fibers than in ULPA filters. Consequently, the KOACH
filters are able to catch 0.1µm and larger-diameter par-
ticles without much constriction of the air flow. Another
innovative technology in the KOACH filter is to generate
parallel air flow from any position on the output surface
of the filter. This flow can minimize random air move-
ments such as vortexes that would allow particles to float
for longer inside the clean area.
Another concern inside the underground facility is its
high humidity. We send a total of 900m3/h of dry air into
the center area and the two end stations. The current
relative humidity in the arm tunnel is 97 ∼ 99% with the
temperature 17 ∼ 18◦C. During the installation of the
vacuum ducts, we set up a small clean booth to house the
connecting part and provided HEPA-filtered dry air using
4 heatless adsorption air driers to lower the humidity
inside the booth to 70% or less. During the assembly
work on the cryostat, we provided ULPA-filtered dry air
to lower the humidity inside the cryostat to 30%. (See
Fig. 9.)
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FIG. 9. Humidity inside and outside the cryostat during the
assembly work. While the temperature increased, the humid-
ity inside the cryostat was kept at 30%. On the first day
there was a power outage and the humidity increased for 1.5
days. Note that the humidity is different from that in Fig. 7
since the temperature in the central area increased after we
enclosed the facility and turned on some machines in the area.
IV.5. Safety and workability
The working environment in KAGRA has limitations
due to the nature of the underground environment. The
highest priority is safety. Working time is limited to the
10
hours of 9:00–17:00, with a morning meeting held every
weekday at 9:00 to discuss the schedule and to remind
the on-site researchers of working precautions. For work
in any area of the underground site, we mandate a buddy
system, so that we can monitor the health of coworkers
and help each other in case of an emergency. To moni-
tor who is in the mine, every time we enter the tunnel,
we put our nametags on a white board both in the main
entrance and in the KAGRA office. (See Fig. 1.) We re-
move the tags when we exit the tunnel. We are planning
to start using an automatic entrance monitoring system
with our ID cards instead of manually putting up our
nametags. Furthermore, in each underground area (the
central area, X-end station and Y-end station), one safety
leader is assigned. The safety leader has to carry an oxy-
gen and carbon monoxide (CO) sensor to monitor the
atmospheric conditions in the working area. In the past,
during the construction work, we encountered a high-CO
situation when we had to stop work. The safety leader
also has to make sure no one is left in the mine alone
when work is done and workers exit the tunnel.
It is mandatory to wear personal protective equipment
such as helmets, work clothes with long sleeves, reflective
vests and headlights (Fig. 10). One of the disadvantages
of the underground site is that this heavy equipment can
hamper sensitive and technical tasks. Organic solvents
are not allowed to be brought into the tunnel, which
can also limit the efficiency of the work. When ultra-
sonic cleaning is required, one needs to go to University
of Toyama, one of the KAGRA collaborative institutions
where ultrasonic cleaning facilities are located. It takes
one hour to drive from the KAGRA site to the university.
In the near future a small amount of fluorinated solvents
will be available in the mine, as we have recently installed
a ventilation system that will exhaust solvent gas from
the central area via a drafter.
FIG. 10. Each worker is equipped with a helmet, working
cloth, reflective vest and headlight for work inside the tunnel.
Small electric carts are used for the 3-km transport from the
central area to the end station.
The other limitation is the transportation to the mine
from the KAGRA office. It takes about 10–15 minutes
to drive from the KAGRA office to the tunnel entrance,
via very narrow mountain roads. Only electric or diesel
vehicles are allowed to enter the tunnel. Since a lim-
ited number of vehicles are available at once, we need
to schedule the vehicles when we carry heavy loads into
or out of the tunnel. Typically from December to early
April, the roads to the mine entrance are covered by deep
snow. Snow-plows are operated by Hida city to clear
away snow every morning, however, sometimes when it
snows heavily, our cars parked in front of the entrance are
buried in the snow, and we need to shovel out the cars
to drive back. We are planning to install a snow melting
system with water flow on the roads and parking area
in front of the tunnel entrance. In any case, we need to
be extra cautious about transportation to and from the
mine in the snow seasons.
For transportation inside the mine, we use bicycles
with electric assistance and also small electric carts (Mit-
suoka Motor, Like-T3, shown in Fig. 10). It takes about
15 minutes to bike or drive from the central area to each
end station.
While there is an old mine tunnel connecting between
the outside and the Y-end station as an emergency exit,
there is no emergency exit for the X-end station. In case
of an emergency, emergency rooms on the second floor
of the Xend station contain oxygen, tents, temporary re-
strooms, water, food, and bicycles are located. These
supplies will allow five people to survive at least three
days while awaiting rescue. We are considering excavat-
ing an emergency tunnel from the X-end station, or, if
that is not possible, at least a ventilation pipe. The Per-
sonal Handy-phone System (PHS), fire alarm and mon-
itoring system are available anywhere inside the tunnel,
including the X- and Y-arms.
Another issue in the Kamioka area is Black bears.
These bears inhabit the mountains and can attack people
when they are encountered especially in autumn before
they hibernate. We have set up a music speakerphone at
the entrance of the KAGRA mine and remind researchers
not to walk around outside a building in autumn unless
needed.
V. OPERATION OF THE UNDERGROUND
DETECTOR
We carried out a test run of iKAGRA to verify its over-
all performance. Success of this operation means that we
have overcome the challenges to build the underground
detector. It is the most important milestone toward the
completion of bKAGRA, and to observing gravitational
waves. In addition to iKAGRA, we performed a test run
of GIF; though the GIF test run was performed a few
months after the test operation of iKAGRA, we discuss
some results of the GIF operation here as well.
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V.1. iKAGRA
By February 2016, we had completed the installation
of the vacuum systems, clean booths, seismic isolation
systems, and digital control systems to control the inter-
ferometer. In March 2016, we aligned the optics to make
a 3-kmMichelson interferometer, and started the test run
operation. The test run was split into two periods, from
March 25 to March 31 and from April 11 to April 25.
Between the first and the second half of the test run, we
had a little interval to improve the sensitivity and the
stability of the interferometer.
ETMY
ETMX
BS
PR2
PR3
IFI
IMC
PMC
laser
FIG. 11. Interferometer configuration of iKAGRA.
The interferometer configuration of iKAGRA is shown
in Fig. 11. We used a single-frequency laser source with
a wavelength of 1064nm. The laser beam was first in-
jected into a triangular cavity called the pre-mode cleaner
(PMC) and then to the suspended input mode cleaner
(IMC), to suppress unwanted spatial higher order modes.
The PMC was constructed from three mirrors rigidly at-
tached to an Invar spacer. It has a round-trip length of
0.4m and a finesse of 197. The IMC was constructed
from three mirrors suspended by a double pendulum on
a vacuum-compatible vibration isolation stack table. It
has a round-trip length of 53.3m and finesse of 540. The
frequency of the laser was stabilized to the PMC length
below 0.3mHz and the IMC length above 30Hz. The
beam at IMC and the main interferometer is s-polarized.
The incident power before the IMC was 270mW.
The beam transmitted by the IMC is then sent to an
input faraday isolator (IFI) [29], after which the beam
radius is expanded by the mirrors called PR2 and PR3.
PR2 and PR3 stand for power recycling 2 and 3, and
will be used for the folding mirrors of the power recycling
cavity in the bKAGRA phase. The main 3-km Michel-
son interferometer consists of the beam splitter (BS) and
two end test masses (ETMX and ETMY). The designed
distance between BS and ETMX is 2991.6m, and that
between BS and ETMY is 2988.3m. The IFI was put on
a vibration isolation stack table, and PR2 was fixed on a
non-isolated table. PR3, BS, ETMX and ETMY are sus-
pended by double pendula. Of all these suspended mir-
rors, PR3 was the largest (250mm diameter and 100mm
thick) mirror, and was the only one with a full-sized sus-
pension, which will also be used in the bKAGRA phase
with minor modifications.
All of the optics downstream of the IMC, including
the IMC, were placed inside vacuum chambers, but most
of the parts were left at atmospheric pressure to allow
for easier maintenance of the optics during the test run.
Only the IMC and the two 3-km arm ducts are evacuated,
to a pressure of ∼ 102Pa. The differential length signal
of the Michelson interferometer was obtained from the
reflected beam picked off by the IFI with a photo-diode
in air.
The differential length signal was fed back to the ETMs
via 3-km reflective memory network to lock the interfer-
ometer fringe. During the first half of the test run, we
used the DC signal from the photo-diode and locked the
interferometer at the mid-fringe. During the second half,
we used the pre-modulation technique to lock the inter-
ferometer at the dark fringe. The dark-fringe locking re-
sulted in a lower coupling of laser intensity noise. We also
increased the bandwidth of the servo from 8Hz to 94Hz
by avoiding parasitic resonances of the ETMs. In the first
half of the test run, we did not have enough balancing
of the mirror actuators, which resulted in the excitation
of the suspension pitch modes at around 15Hz. More-
over, the servo bandwidth was automatically adjusted
by monitoring the loop gain using calibration lines in
the second test run. These improvements contributed to
the high stability of the interferometer. The duty fac-
tor during the first half was 85.2%, whereas that dur-
ing the second half was 90.4%. The longest lock stretch
was 3.6 hours for the first half, and that for the second
half was 21.3 hours. The high duty factor compared to
other gravitational wave telescopes is mainly due to the
simple configuration of the interferometer, but the state
machine automaton Guardian [30] also helped recovering
lock quickly after lock losses.
A typical sensitivity curve for iKAGRA during the sec-
ond run is shown in Fig. 12. Below 3Hz, the sensitivity is
limited by seismic noise. Over 100Hz to 3 kHz, the sen-
sitivity is likely to be limited by acoustic noise, mainly
from the fans of the clean booths. The acoustic noise
in iKAGRA was high because main mirrors were inside
the vacuum chambers but at atmospheric pressure. Note
that the acoustic noise curve in Fig. 12 only shows the
acoustic noise coupled via the BS chamber. We turned
off all the fans in the clean booths to confirm that the
sensitivity of the frequency regions where the measured
spectrum and the sum of all the known noise sources do
not match is also limited by acoustic noise. However, the
detailed coupling mechanism still needs further investi-
gation. At 3-5 kHz, the sensitivity was limited by sen-
sor noise, which mainly comes from the analog-to-digital
conversion of the photo-diode output. These noise contri-
butions will be further reduced in the bKAGRA phase by
using better vibration isolation systems, a high vacuum
system, and better whitening filters.
Figure 13 shows a spectrogram of seismic noise in the
0.1Hz∼2Hz band during the second run. In this period,
a series of large earthquakes hit Kumamoto Prefecture
that is about 700km from KAGRA. According to the
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FIG. 12. The strain sensitivity of iKAGRA during the sec-
ond run. An expected seismic noise level in bKAGRA is
also plotted as a reference. (The noise level is about one or-
der of magnitude smaller than other sites such as LIGO and
Virgo [31].) The peaks at 80Hz and 113Hz for the measured
spectrum are from the calibration lines. The acoustic noise
plotted here only shows the acoustic noise coupled via the BS
chamber, but it is likely that the acoustic noise is the sen-
sitivity limiting noise source also at neighboring frequencies.
Actuator noise is the sum of the displacements of the mirrors
from electronics noise for the actuation. Frequency noise is
the estimated laser frequency noise suppressed through laser
frequency stabilization using PMC and IMC. Seismic noise
is the ground displacement attenuated by the mirror suspen-
sions. Sensor noise is the sum of the ADC noise, the dark
noise of the photo-diode, and the shot noise.
FIG. 13. Spectrogram of seismic noise in the 0.1Hz∼2Hz
band during the second run. One can see large spikes on
April 14th and 16th due to a series of large earthquakes in
Kumamoto. Some data on April 17th and 21st is missing due
to an issue in our data taking system.
United States Geological Survey, the foreshock with a
magnitude 6.5 hit Kumamoto at 12:26 UTC on April 14
(2016) and the mainshock with a magnitude 7.3 hit the
same area at 16:25 UTC on April 16 (2016). The peak
ground acceleration (PGA) levels in the horizontal direc-
tion measured at various points in KAGRA are as follows.
For the foreshock, PGAs at BS, ETMX, and ETMY were
20mGal, 30mGal, and 25mGal, respectively. For the
mainshock, the PGA at BS was not measured as the seis-
mometer was saturated (i.e. over 95mGal) as the sensor
gain had been set higher than the other two. PGAs at
ETMX and ETMY were 306mGal and 298mGal, respec-
tively. After the mainshock, the suspension system of BS
was in trouble and it took half a day to fix it. The earth-
quake shook the BS suspension and a screw to support
a mirror before releasing touched one of the suspension
fibers of the BS. The interferometer was not in operation
during the time when several aftershock earthquakes hit
Kumamoto.
During the test run, 65 people in total participated
in shifts to monitor the interferometer conditions. The
interferometer was monitored by at least three people
on eight-hour shifts. A cumulative total of 186 people
from 35 institutes contributed. The members of the shift
monitored the status of the interferometer lock, mirror
suspensions, data acquisition system and data transfer
system to ensure that the interferometer data was prop-
erly transferred.
The data including the gravitational wave signal and
environmental monitor signals were transferred to the
data center at ICRR in Kashiwa and Osaka City Uni-
versity with latency of about 3 seconds. The amount of
data was 7.5TB in total. We also did a hardware injec-
tion test right after the test run. The data management
system and the results of the data analysis and the detec-
tor characterization will be published in separate papers.
V.2. Geophysics interferometer
1500 m
End reflector
Front reflector and
beam splitter
Vacuum system
Laser
Input and output path
Optical benches
Optical fiber
Photodetectors
FIG. 14. Schematic view of one of the two asymmetric Michel-
son interferometers of GIF.
GIF is a pair of 1.5 km asymmetric Michelson interfer-
ometers that are to be installed in parallel with the arms
of the 3-km KAGRA interferometer (Fig. 14). Instal-
lation of one of the GIF arms, GIF-X along the X-arm
of KAGRA, was finished in August 2016. Two vacuum
chambers, which are fixed to granite blocks stably in-
stalled on the bedrock as described in Sec. IV.3, house
retro reflectors to form an interferometer. A frequency-
doubled Nd:YAG laser (λ=532nm) is used as a light
source. Its frequency is stabilized to an iodine-saturated
absorption spectrum to obtain relative frequency stabil-
ity δν/ν ≃ 10−13 in Allan variance for time intervals of 10
to 1000 s [32], which corresponds to strain detectability
ε = δL/L ≃ 10−13, where L is the baseline length.
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The test run of GIF-X started in September 2016 [33].
Fringe intensities of the quadrature interferometer were
sampled at 50 kHz and the optical phase was calculated
to obtain the variation of distance between two retro-
reflectors separated by 1.5 km. Typical strain variation
of earth tides was clearly observed with GIF-X; how-
ever a slight reduction in amplitude, about 90% of the
theoretical tidal strain calculated by GOTIC2 includ-
ing solid tides and ocean loads [34], was apparent. It
is thought to be a topographic effect of the underground
site judging from the similar reduction in the CLIO site
[35, 36]. Strain resolution of GIF-X was estimated to be
10−12−10−10 depending on the frequency. Abrupt strain
changes, such as might occur due to surface weather,
could rarely be seen, with the exception of distant earth-
quakes. GIF-X mounted on the bedrock measures precise
ground strain which cannot be fully predicted, for ex-
ample, by standard tidal models and typical barometric
response of the ground; the data are expected to reflect
actual baseline of KAGRA and are necessary for the ac-
curate characterization and correction of the arm length
variation.
VI. SUMMARY
In this paper, we described the construction of the
world’s first kilometer-scale underground gravitational-
wave detector, KAGRA, together with a long-baseline
geophysics interferometer built in the same tunnel. We
learned many lessons during the construction and we ex-
plained the advantages and challenges of going under-
ground. We performed a first test operation of KAGRA
in a simple configuration and the operation was success-
ful. The detector will be upgraded to the cryogenic inter-
ferometer and start scientific observations in the next few
years, in which the advantages of building the detector
in such a quiet place under the ground will be realized.
Appendix: Possible additional issues of an
underground detector
There are also some possible additional issues in an
underground site. Here we briefly discuss two of these
issues.
1. Gravity gradient noise of the water flow
While the gravity gradient noise from the seismic mo-
tion is small in the underground site, a very large amount
of the underground water is flowing around the interfer-
ometer and the gravity gradient noise from the under-
ground water can be an issue in KAGRA. As explained
in Sec. IV.2, the underground water goes through drain
pipes under the inclined tunnels, starting from the X-end
station. Most of the test mass chambers are far away
from the water pipes. Our largest concern is the Y-end
chamber, under which we have a drainage pipe. Fig-
ure 15 shows that the seismic noise level increases near
the drain pipe, which was measured before we added the
compulsory drainage pipe.
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FIG. 15. Seismic noise measured at two locations near the
Y-end chamber; one is close to the drain pipe and the other
far away from the drain pipe.
Chen and Somiya made very rough models of the water
flow [37, 38], and from these models they were not able
to rule out the influence of water gravity-gradient noise
on KAGRA. Further refinements of these models based
on careful observations of the water flow are necessary.
2. Environmental magnetic fields
Environmental magnetic fields produce noise in KA-
GRA through the coil-magnet actuators that drive the
suspended mirrors in the control system. While the mag-
netic noise level is known to be lower than other noise
curves in the sensitivity spectrum of KAGRA, the global
electromagnetic resonance in the cavity between Earth’s
surface and the ionosphere produces globally correlated
noise components, which hamper a search of stochastic
background of gravitational waves. This globally cor-
related magnetic noise, called Schumann resonance, is
excited by lightning discharges. The Schumann reso-
nance will be accumulated in a correlation search for the
stochastic gravitational-wave background and can limit
the sensitivity of global gravitational-wave detector net-
work below 100Hz.
We have investigated if this kind of environmental
magnetic field could be attenuated in the underground
site. First we calculated the skin effect with the bedrock
properties of the Kamioka mine. The electrical conduc-
tivity is 2.5×10−3Ω−1m−1 and the magnetic permeabil-
ity is 1.2×10−6H/m. The reduction rate of the magnetic
field amplitude due to the skin effect was calculated to
be 0.9 at 10Hz and 0.7 at 100Hz. We then measured the
magnetic field inside and outside of the Kamioka mine
on July 21-22 2016. We arranged a set of magnetome-
ters in the parking area in front of the KAGRA entrance
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FIG. 16. Spectrum of the magnetic field. The left and right
panel show the spectrum measured inside and outside the
KAGRA mine, respectively.
and another set at the second floor of the central room
inside the mine. The magnetometers used were Metronix
MFS-06 for the North-South (N-S) and East-West (E-W)
directions and Metronix MFS-07e for the vertical (Z) di-
rection. The data were logged by an Metronix ADU-07e.
The data were taken from on 5:00, 21 - July, 2016 UTC
to 7:00 on the 22nd., and 7:30 - 8:30 22 July, 2016 UTC.
The left and right panels in Fig. 16 show the spectrum
of the magnetic fields inside and outside the mine, re-
spectively. The x-axis represents the frequency in units
of Hz and the y-axis represents the amplitude spectrum
density in units of pT/
√
Hz. The Schumann resonance
can be clearly seen from its 1st mode at 7.8Hz up to the
7th mode at around 50Hz. The coherence between the
magnetic field inside and outside of the mine is known to
be as high as 0.9 at the Schumann resonances [39].
Figure 17 shows the ratio of the spectrum of the mag-
netic fields inside and outside of the mine. One can see
that the magnetic field inside the mine is larger than
that outside the mine across a broad frequency band. In
regard to the significant amplification of the magnitude
along the Z direction, we can not deny the possibility that
the amplification comes from the effect of artifacts such
as electric instruments or metallic facilities around the
center room. In order to understand this phenomenon,
it will be required to make careful measurements of the
magnetic fields at several locations in the mine, and to
build and confirm a model to find a reason for the am-
plification.
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FIG. 17. Ratio of the magnetic field spectra inside and outside
the KAGRA mine.
ACKNOWLEDGEMENT
This work was supported by MEXT, JSPS Leading-
edge Research Infrastructure Program, JSPS Grant-in-
Aid for Specially Promoted Research 26000005, MEXT
Grant-in-Aid for Scientific Research on Innovative Ar-
eas 24103005, JSPS Core-to-Core Program, A. Advanced
Research Networks, and the joint research program of
the Institute for Cosmic Ray Research. The magnetic
field measurement shown in App. 2 was supported by
the Joint Usage/ Research Center program of Earthquake
Research Institute, the University of Tokyo. A part of the
work was supported by the Advanced Technology Cen-
ter (ATC) in the National Astronomical Observatory of
Japan. A part of the work was supported by National Re-
search Foundation (NRF) and Computing Infrastructure
Project of KISTI-GSDC in Korea. This research activ-
ity has been also supported by the European Commis-
sion within the Seventh Framework Programme (FP7) -
Project ELiTES (GA 295153). The authors would like
to express our sincere appreciation to our colleagues in
the LIGO and Virgo groups for their varied and contin-
uing support. The authors would like to thank Albrecht
Ru¨diger for editorial support of this paper. Addition-
ally, the authors also appreciate the intense efforts of the
secretaries in the ICRR GW project office.
REFERENCES
[1] B. P. Abbott, et al., Phys. Rev. Lett., 116, 061102
(2016).
[2] The Virgo Collaboration, “Advanced Virgo Base-
line Design”, VIR-0027A-09 (2009); available from
15
https://pub3.ego-gw.it/itf/tds/.
[3] K. Kuroda et al., Int. J. Modern Phys D 8, 557-579
(1999).
[4] K. Somiya for KAGRA Collaboration, Class. Quan-
tum Grav., 29, 124007 (2012).
[5] A. Abramovici et al., Science 256 325 (1992).
[6] The VIRGO collaboration, “VIRGO Final Design Re-
port” (1997).
[7] K. Danzmann et al., “Proposal for a 600m Laser-
Interferometric Gravitational Wave Antenna”, Max-
Planck-Institut fu¨r Quantenoptik Report 190, Garching
(Germany) (1994).
[8] K. Tsubono, in Gravitational Wave Experiments,
pp. 112-114, eds. E. Coccia, G. Pizzella, and F. Ronga,
World Scientific (1995).
[9] S. Hild, et al., Class. Quantum Grav., 27, 015003 (2010).
[10] B. P. Abbott, et al., Class. Quantum Grav., 34, 044001
(2017).
[11] KAGRA was originally called LCGT (Large-scale cryo-
genic gravitational wave telescope). After official ap-
proval of the project, we have added a nickname of KA-
GRA. KAGRA is named after the Japanese word for tra-
ditional sacred music and dance for the gods.
[12] S. Sato, et al., Phys. Rev. D, 69, 102005 (2004).
[13] T. Uchiyama, et al., Phys. Rev. Lett., 108, 141101
(2012).
[14] K. Agatsuma, et al., Phys. Rev. Lett., 104, 040602
(2010).
[15] T. Uchiyama, K. Furuta, M. Ohashi, S. Miyoki,
O. Miyakawa, and Y. Saito, Class. Quantum Grav. 31,
224005 (2014).
[16] A. Araya et al., Rev. Sci. Instrum. 64 1337 (1993).
[17] S. Sato et al., Phys. Rev. D 69 102005 (2004).
[18] T. Tomaru et al., Cryocoolers 13 695 (2005).
[19] K. Yamamoto et al., “Measurement of seis-
mic motion at Large-scale Cryogenic Gravita-
tional wave Telescope project site”, jgw-g1000218-
v1 (2010); See the JGW document server here
http://gwdoc.icrr.u-tokyo.ac.jp/JGWDoc/.
[20] For this measurement, we appreciate a cooperation of the
staff of Kamioka Mining and Smelting Co., Ltd. (espe-
cially, Mr. Nishitani).
[21] The data is provided by courtesy of J. Harms.
[22] M. G. Beker et al. Gen. Relativ. Gravit., 43, 623 (2011).
[23] M. Abernathy et al.,“Einstein gravitational wave Tele-
scope conceptual design study,” ET-0106C-10 (2011);
http://tds.ego-gw.it/ql/?c=7954
[24] T. Creighton, Class. Quantum Grav., 25, 125011 (2008)
[25] K. Somiya and O. Miyakawa, App. Opt., 49, 23, 4335
(2010).
[26] A. Effler et al., Class. Quantum Grav. 32, 035017 (2015).
[27] T. Sekiguchi, “Seismic noise in Kamioka Mine”,
jgw-t1402971-v1 (2014).
[28] http://gw.icrr.u-tokyo.ac.jp/clio_blog/2007/02
[29] For further information about the isolator, see: V. Oleg,
et al., J. Opt. Soc. Am. 27, 1784-1792 (2012).
[30] J. G. Rollins, Rev. Sci. Instrum. 87, 094502 (2016).
[31] R. X. Adhikari, Rev. Mod. Phys. 86, 121 (2014).
[32] A. Araya, T. Kunugi, Y. Fukao, I. Yamada, N. Suda,
S. Maruyama, N. Mio, and S. Moriwaki, Rev. Sci. In-
strum., 73, 2434-2439 (2002).
[33] A. Araya, A. Takamori, W. Morii, K. Miyo, M. Ohashi,
K. Hayama, T. Uchiyama, S. Miyoki, and Y. Saito,
Earth, Planets and Space, 69:77 (2017).
[34] K. Matsumoto, T. Sato, T. Takanezawa, and M. Ooe,
J. Geod. Soc. Japan, 47, 243-248 (2001).
[35] S. Takemoto, H. Momose, A. Araya, W. Morii, J. Aka-
matsu, M. Ohashi, A. Takamori, S. Miyoki, T. Uchiyama,
D. Tatsumi, T. Higashi, S. Telada, and Y. Fukuda, Jour-
nal of Geodynamics, 41, 23-29 (2006).
[36] A. Araya, A. Takamori, W. Morii, H. Hayakawa,
T. Uchiyama, M. Ohashi, S. Telada and S. Takemoto,
Geophys. J. Int., 181, 127-140 (2010).
[37] Y. Chen, “Gravity Gradient Noise from Water”, internal
document (2016).
[38] K. Somiya, “Water Gravity Gradient Noise”,
jgw-g1605565-v1 (2016).
[39] S. Atsuta et al., J. Phys. Conf. Ser., 716, 012032 (2016).
This figure "minemap2.PNG" is available in "PNG"
 format from:
http://arxiv.org/ps/1712.00148v2
This figure "seis_spectrogram_all.PNG" is available in "PNG"
 format from:
http://arxiv.org/ps/1712.00148v2
This figure "workstyle.PNG" is available in "PNG"
 format from:
http://arxiv.org/ps/1712.00148v2
